The adaptive immune system is capable of recognizing an essentially limitless number of antigens via the combinatorial assembly of gene segments that encode antibody variable domains. This diversity has been exploited successfully in a growing number of therapeutic antibodies that bind to a wide range of clinically validated targets. Antibodies that recognize soluble antigens, such as the cytokines tumor necrosis factor (TNF), vascular endothelial growth factor, or interleukin-6, act as antagonists by blocking the interaction of a target ligand with its cognate receptor. In some cases, such antibodies may also augment clearance of the target antigen.
In contrast, antibodies that bind to cell surface antigens, often transmembrane receptors such as HER2, EGFR, or DR5, may act as antagonists or agonists, respectively, to block or stimulate the action of the cognate target. Alternatively, antibodies may bind a cell surface target that lacks signaling function, such as the CD20 antigen, and act as an anchor for FcR-based recruitment of immune-effector cells to kill the antigen-expressing target by antibodydependent, cell-mediated cytotoxicity (ADCC). Therefore, antibodies that recognize cell surface receptors can be categorized by their function of either mediating target cell killing or modulating target receptor signal transduction. However, two new studies in this issue demonstrate that these activities are not mutually exclusive and that antibodies harboring both properties may be advantageous for cancer immunotherapy. Due to shared expression of cell surface antigens, such as CTLA-4 or glucocorticoid-induced TNFRrelated protein (GITR) on protumorigenic regulatory T (T reg) cells and antitumorigenic effector T (T eff) cells, antibodies that target such receptors are capable of inducing antitumor immunity both by depleting T reg cells and by stimulating T eff cells. However, antibodies that conform to this dual mechanism of action have the risk of depleting T eff cells, which are the final mediators of tumor cell killing. Therefore, understanding the principles that govern antibody-FcR interactions is crucial for designing effective antibodybased immunotherapies.
Antibody-FcR interactions
FcRs fall into two functional classes: activating and inhibitory (Nimmerjahn and Ravetch, 2006 (Amigorena et al., 1992; Nimmerjahn and Ravetch, 2008) . IgG subtypes differ in FcR affinity: human IgG1 and IgG3 have higher affinity for activating than inhibitory FcR, as do mouse IgG2a and IgG2b (Dijstelbloem et al., 2001; Ravetch, 2005, 2006 Here, we outline a conceptual framework for understanding these findings and discuss their mechanistic and translational implications.
T reg cells frequently express T cell activation markers induced by TCR signaling (Gavin et al., 2002; McHugh et al., 2002) . In addition to their wellcharacterized role in maintaining peripheral tolerance to self-antigens, T reg cells have been demonstrated to suppress tumor immunity (Nishikawa and Sakaguchi, 2010; Josefowicz et al., 2012) . T reg cells are highly enriched in tumors, both in mouse models and in various human cancers. Furthermore, in cancer patients, abundance of T reg cells within tumors is associated with poor prognosis, suggesting that these cells play an important role in suppressing antitumor immunity. Therefore, strategies to deplete intratumoral T reg cells may enhance the generation of tumordirected T eff cell responses.
GITR is weakly expressed on naive T eff cells, but is present on resting T reg cells and up-regulated on activated T eff cells. Bulliard et al. (2013) observed a significant reduction in tumor-associated, but not peripheral, T reg cells upon anti-GITR treatment of tumor-bearing mice. Hence, anti-GITR antibodies may enhance antitumor immunity by depleting GITR-positive T reg cells, in addition to co-stimulating antigenexperienced T eff cells (Coe et al., 2010) . However, the shared expression of GITR on T reg and T eff cells makes both populations potentially susceptible to antibody-dependent, FcR-mediated depletion. Indeed, diminished effector CD4 + and CD8 + T cell numbers were reported to accompany T reg cell depletion in tumor tissues. Therefore, elimination of intratumoral T reg cells, coupled with T eff cell co-stimulation and minimal T eff cell depletion, might provide an integrated mechanism of action for anti-GITR antibodies. The relative contribution of each of these mechanistic components remains to be clarified.
CTLA-4 blocking antibodies mediate T reg cell depletion
CTLA-4 is an inhibitory receptor that is induced on antigen-experienced T eff cells as a negative feedback regulator (Walunas et al., 1994; Krummel and Allison, 1995) . Whereas CTLA-4 via FcRIIB on DCs enhances their T cell priming function, while minimizing depletion. Importantly, anti-CD40-induced adjuvant activity was unabated in mice deficient in activating FcRs, yet was abrogated in FcRIIB-deficient mice (Li and Ravetch, 2011) . However, FcR-dependent depletion of DR4-or DR5-expressing tumor cells could be useful to induce antitumor activity. These findings suggest that agonist antibodies targeting either proapoptotic or co-stimulatory TNFRSF members can rely on FcRs as a dynamic cross-linking scaffold-a function that, at least in mice, may be supported more effectively by FcRIIB.
Agonist GITR antibodies require activating FcRs for antitumor efficacy
In this issue, Bulliard et al. report an apparent exception to the latter paradigm: agonist antibodies targeting the TNFRSF family member GITR require activating FcR effector function to promote tumor regression in mice. GITR expression is induced on T eff cells upon T cell receptor (TCR) stimulation, and GITR cross-linking by GITR ligand or agonist antibodies co-stimulates TCR signaling (McHugh et al., 2002; Shimizu et al., 2002; Tone et al., 2003; Ronchetti et al., 2004; Stephens et al., 2004) . In transplantable tumor models, anti-GITR treatment is hypothesized to induce tumor regression through T eff cell costimulation (Turk et al., 2004; Ko et al., 2005) . Distinct from antibodies that target other TNFR superfamily members, anti-GITR activity was unaltered in Fcgr2b / mice. However, anti-GITR treatment was ineffective in knockout mice lacking the ITAM-containing FcR chain required for signaling by all activating FcRs. Hence, an alternative (or additional) mechanism of actiondistinct from FcRIIB-mediated GITR cross-linking to promote co-stimulationmay be critical for antitumor efficacy. Given that GITR-expressing CD8 + T cells and CD4 + T eff cells are needed for tumor cell killing, this mechanism may involve FcR-dependent depletion of GITR-expressing T reg cells. (Presta et al., 2002; Carter, 2006; Lazar et al., 2006; Satoh et al., 2006; Jefferis, 2009 Recent work has revealed unexpectedly that agonist antibodies designed to stimulate the tumor necrosis factor receptor superfamily (TNFRSF) members DR4, DR5, or CD40 depend on FcR interaction for robust agonist activity (Li and Ravetch, 2011; Wilson et al., 2011; Smith et al., 2012) . As TNFRSF members usually require ligand-induced super-clustering for signal transmission, bivalent IgG molecules are unable to induce their efficient stimulation. In vitro activity can be enhanced by artificial cross-linking of the primary antibody, with secondary anti-Fc antibodies, or-perhaps more importantly-by providing contact with FcR-bearing cells. Pretreating FcR-expressing cells with actin polymerization inhibitors blocks this enhancement, suggesting that FcR clustering is important for antibody-mediated stimulation of the target receptor (Wilson et al., 2011) . Studies with mice deficient in specific FcR subsets demonstrate that expression of the inhibitory FcRIIB is sufficient-if not superior-for enabling in vivo efficacy of agonist antibodies targeting CD40, or the death receptors DR4 and DR5 (Li and Ravetch, 2011; Wilson et al., 2011) . Reliance on FcRIIB circumvents the potential for FcR-mediated target cell depletion and is therefore advantageous for inducing signal transduction on target cells, such as CD40 signaling in dendritic cells. CD40 engagement on dendritic cells enhances their antigen presentation capabilities, thereby increasing T cell responses. Therefore, cross-linking CD40 expression is detected in human intratumoral T cells and leads to differential depletion in cancer patients.
Conclusions
Important roles have emerged for FcRs in mediating the antitumor efficacy of a new generation of therapeutic antibodies aiming to attack cancer directly, by triggering tumor cell apoptosis, or indirectly, by enhancing antitumor immunity (Fig. 1) . First, FcRs on tumorinfiltrating innate immune cells provide a cross-linking scaffold to enhance antibody-mediated activation of proapoptotic TNFRSF members such as DR4 and DR5 on cancer cells. Similarly, FcR-mediated cross-linking supports activation of T eff cells via co-stimulatory TNFRSF members such as GITR. In some instances, this cross-linking intratumoral T eff cells were not depleted by anti-CTLA-4 treatment, but rather increased in number. Differences in tumor model, antibody isotype or clone, or vaccine co-administration could potentially account for these discrepant results. Nevertheless, T reg cells may be more sensitive to antibody-mediated depletion because of their increased expression of CTLA-4 within tumor tissues. Consistent with this notion, tumor-infiltrating T reg cells expressed nearly fourfold higher CTLA-4 levels than did tumor-associated T eff cells in the Colon26 carcinoma model. Additionally, in the B16-BL6 melanoma model, CTLA-4 surface expression was slightly elevated in tumor-associated versus peripheral T reg cells or intratumoral T eff cells. It remains to be investigated whether this variation in receptor expression is induced on activated T eff cells, CTLA-4 is constitutively expressed by T reg cells, which require CTLA-4 function to aggregate preferentially around dendritic cells and inhibit their antigen-presenting activity . As such, the multiorgan autoimmunity detected in Ctla4 germline knockout mice is phenocopied in T reg cell-specific Ctla4 conditional knockout mice (Tivol et al., 1995; Waterhouse et al., 1995; Chambers et al., 1997; Wing et al., 2008) . Although anti-CTLA-4 therapy is one of the first clinically validated examples of effective cancer immunotherapy, its mechanism of action is poorly understood (Hodi et al., 2010) . It is hypothesized that antagonist anti-CTLA-4 antibodies enhance tumor immunity by relieving inhibitory CTLA-4 signals on antigen-experienced T eff cells, as well as curtailing the suppressive function of T reg cells. Following the paradigm of antagonist antibodies, CTLA-4-blocking antibodies would be expected to exert their efficacy in the absence of Fc effector function.
However, studies from Bulliard et al. (2013) and Simpson et al. in this issue provide compelling evidence that the activity of anti-CTLA-4 antibodies requires activating FcR engagement to deplete T reg cells. Similar to anti-GITR therapy, anti-CTLA-4-mediated tumor regression was abrogated in FcR-deficient mice, suggesting that retrograde signaling by activating FcRs and consequent T reg cell depletion is important for antitumor activity. Accordingly, intratumoral T reg cell numbers were dramatically reduced in response to anti-CTLA-4 treatment. Importantly, this reduction was not associated with dedifferentiation or impaired generation of T reg cells, thereby supporting cellular depletion as the most plausible mechanism of efficacy.
Because activated T eff cells express CTLA-4, they are also susceptible to antibody-mediated depletion. In this regard, Bulliard et al. (2013) demonstrated that both T reg and T eff cell numbers were reduced in response to anti-CTLA-4 treatment. In contrast, Simpson et al. (2013) observed that in an adoptive T cell transfer model, function can be performed redundantly by activating or inhibitory FcRs; however, mouse studies suggest that the inhibitory FcRIIB may provide a more effective molecular scaffold, for reasons that have yet to be defined. Fc mutations that enhance affinity for FcRs may serve to improve the efficacy of agonist antibodies targeting various TNFRSF members. In addition to crosslinking cell surface receptors to support forward signaling in target cells, FcRs can mediate antibody-driven reverse signaling to activate FcR-bearing cells and promote target cell depletion. For cancer immunotherapy, antibodies that fulfill both functions may be beneficial to deplete immunosuppressive T reg cells and stimulate T eff cells. The high prevalence of T reg cells in tumor tissues poses a significant barrier to generating a productive antitumor T cell response. Expression of antigens such as GITR or CTLA-4 on T reg cells affords the opportunity for enhanced antibody-based depletion of such immune-suppressive cells from the tumor microenvironment, thereby augmenting antitumor immunity. A potential caveat is that desirable T eff cells also might express the same antigens and hence be subject to similar depletion. Thus, maximal therapeutic efficacy likely necessitates a delicate balance between depleting T reg cells while sparing T eff cells. Defining the FcR interactions responsible for these different outcomes should help optimize the effectiveness of antibodies to biologically relevant T cell antigens, including GITR, CTLA-4, and beyond.
